INTRODUCTION
Fatigue-crack propagation is an important factor in many failures of military components and structures. The resulting loss of life and property has prompted intensive research efforts to determine what data and analyses are required by the design engineer to overcome fatigue failures. This report presents preliminary observations and fatigue-crack growth data on throughthickness cracks for high-strength monolithic and dual-hardness armor steels. A linear elastic-fracture mechanics theory analysis of this data was utilized. This analysis uses the stress intensity factor K which describes the stress field surrounding a growing crack tip and is dependent upon the applied stress and configuration of the crark. 1 The time-history of this parameter can then be related to the fatigue-crack growth rate d2a/dN of a material and, further, may be correlated to fatigue-crack growth rate in an actual component or structure. Component or structural fatigue life can be predicted from laboratory data of AK versus d2a/dN curves under appropriate stress levels and environments. 2 
» 3
Data have been reported previously on the tensile, hardness, and slow bend properties of similar armor composites, with emphasis on the bonding efficiency.
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MATERIALS AND PROCEDURE
The mechanical properties and chemical compositions as reported by the manufacturer are given in Table 1 for the steels investigated, which included a high-hardness XAR-30 steel, an ausformed composite of X27 and H1I steel, and a dual-hardness composite of a Ni-Cr-Mo steel with 0.34 and 0.S1 C. Each plate tested in fatigue was 1/4-inch thick with the exception of the dualhardness Ni-Cr-Mo steel which was also tested in a 0.033-inch thickness. The mechanical properties reported in Table I for the ausformed and Ni-Cr-Mo dual-hardness steel components were determined from thicker sections having the same thermomechanical treatment as the composite.
The pin-loaded fatigue specimens were 3.0 inches wide and 12.0 inches long. The center notch was electric-discharge machined perpendicular to the sheet rolling direction. The specimens were subjected to sinusoidal loading with a constant mean load at three cycles per second with an axial-fatigue, hydraulic, closed-loop testing machine. The specimens are identified by the applied maximum gross section stress o.. The minimum gross section stress in all cases was approximately 3.0 ksi. The load was measured with a strain-gaged load cell in series with the test specimen. Fatigue-crack growth was continuously followed with an electric-potential technique.-The change in voltage resulting from crack growth was plotted against time on an X-Y recorder. These data were then replotted as crack length 2a versus the nunber of cycles N for varying applied sinusoidal loads and testing temperatures. The crack-growth curves include the number of cycles necessary to initiate the fatigue crack. This procedure was satisfactory for the highhardness XAR-30 ^nd the 0.033-inch Ni-Cr-Mo dual-hardness composite. The two components of the 0.25-inch-thick composites fatigue individually. Crack initiation occurs nearly simultaneously ir both components of the composite. However, the rate of fatigue-crack growth is considerably higher in the higher strength, lower fracture toughness component. Therefore, the 2a versus N curves represent an average crack length versus the number of cycles for these composites.
Crack-growth rates d2a/dN were determined graphically from the 2a versus N curves. The stress intensity factor was calculated from K ■ o.i/ä a where Og is the gross section stress and "a" is one-half the crack length. The term a relates the crack length and geometric variables to correct for the finite width of the specimen as 2a £ W/2. The analysis of Isida was used to determine a. 6 Although crack lengths were measured up to fracture, crack-growth rates were determined only up to a maximum crack length of 2.1 inches, since beyond this length the calculation of K becomes increasingly inaccurate.
The quantity AK is then the difference between the stress intensity factor at the maximum load and at the minimum load at a particular crack length. The crack propagation rate for the accumulation of fatigue damage was related to AK by the empirical power law relationship as proposed by Paris: 2 d2a/dN ■ C (AK) 10 where C and m are constants.
RESULTS

High-Hardness Steel
The high-hardness XAR-30 steel was austenitlzed at 1650 F and was spraywater quenched resulting In a tensile strength of 255 ksl. The fractographs are shown In Figure 1 
I Aus formed Dual-Hardness Steel
The ausfoned steel composite consisted of equal thickness plates of X27 and Hll steel. This composite had been austenitized at 1900 F, quenched into the austenite bay region at 1500 F where it was cross-rolled with a 54 percent reduction and then quenched to form martensite. This was followed with a two-hour temper at 400 F. The X27 steel had a tensile strength of 289 ksi and the HU steel a tensile strength of 349 ksi, as determined on monolithic samples processed similarly ( Table I) Figure 2c show a 72 percent decrease in fatigue life when the gross section stress is doubled from 13.3 to 26.7 ksi. The fatiguecrack growth rates versus the change in stress intensity for these three specimens are plotted in Figure 3 . The data for these composites also follow the power law relationship with 2.3 as the exponent. As with the highhardness XAR-30, the data from the several tests do not all fall on one straight line. The exponent is one-half that reported for the high-hardness XAR-30 steel. However, when comparing the crack-growth rates over small changes in stress intensity factors, 10-20 ksi »in., the dual-hardness steel is fatiguing at a faster rate than the XAR-30 steel.
DISCUSSION
Perhaps the most important question is how the fatigue-crack growth rate in these armor steels compares with other steels. Unfortunately, this is not a question which can be answered unequivocally. As has been stated earlier, crack-growth rates under sinusoidal loading generally follow a power law relationship of the form d2a/dN « C (AK) 1 ". Deviation from the power law relationship may be noted at very short crack lengths during the initiation stage. when growth rates are smaller than predicted or below some threshold value of AK. Deviation also occurs at very large crack lengths where instability is approached, when the crack-growth rate accelerates and final fast fracture occurs. Other factors, such as environment, sample thickness and width, frequency of loading, etc., also influence the behavior to varying and unknown degrees. But under controlled laboratory conditions, crack-growth rates for different materials can be compared.
Since both the coefficient C and the crack-growth rate exponent m in the above equation vary with material, curves of crack-growth rate versus AK for different materials intersect. Therefore, the relative susceptibility to fatigue-crack growth depends on the stress intensity range considered. This is illustrated in Figure 6 , where the curves of Figure 3 are replotted together with typical data for 4340 steel, quenched, and tempered over the range 400 to 700 F. An additional factor of importance not investigated here is the fracture toughness, which limits the actual crack length that can be tolerated without rapid fracture. The fracture toughness of these materials at the investigated hardness levels is probably quite low.
The type of crack considered in this investigation is a through-thickness crack. The major reason for its selection is the ease of preparation and study. Other types of cracks which would be of interest include a partial thickness crack, through the hard component of the dual-hardness armor, and a delamination, or separation, of the two components along the interface.
The through-thickness crack considered here does have some basis in reality, since it is the type crack which would grow from a bolt hole (as in Figures 1  and 3) or a hole from penetration by a projectile. Growth of a fatigue-crack in a composite material such as the dualhardness armor poses some interesting problems. The crack resistance of the dual-hardness armor depends on the properties of each component of the composite, its thickness, and presumably the efficiency of the bond between the two components. By making some simplifying assumptions, it is possible to qualitatively explain some of the behavior shown by dual-hardness composites.
Of particular interest is the influence of stress level on the course of the fatigue-crack growth in the dual-hardness ausformed Hll and X27 composite shown in Figure 4 . The crack initiates in both components, but it grows more rapidly in the higher hardness Hll steel. When the crack has grown completely through the Hll, the higher net section stress on the remaining portion of uncracked X27 causes the crack-growth rate to accelerate and fast fracture to occur. The crack length in the X27 at which this occurs decreases with increasing gross section stress a»; that is, the higher the value of o«, the more the crack growth in the X27 lags that in the Hll.
Oa, the growth rate in the Hll is Figure 7 . and greater than that in the guing progresses and AK increases, the rate of crack growth increases faster in the Hll than in the X27, since not only does the curve for Hll lie above that for X27, but it has a higher crack-growth rate exponent so that the curves diverge. Increasing the initial gross section stress a» simply starts the crack growth process at a higher value of AK. Accordingly, the initial difference in crack-growth rates between the two materials is greater than for a lower stress, and when the Hll has failed, the total crack length in the X27 is less.
While this grossly simplified picture can explain in a qualitative way the effect of crack-growth rate exponent and initial gross section stress, it assumes that the two components of the composite are fatiguing completely independently. In an actual composite, there would undoubtedly be some load transfer from the material for monolithic samples At a given crack length log AK, Stress Intensity Factor Figure 7 . Assumed crack growth rates versus the stress intensity factor range for monolithic components with the longer crack to that with the shorter, so that the difference in crack-growth rates would be less than assumed here. Furthermore, there is an effect of thickness, for example, the 0.033-inch-thick dual-hardness Ni-Cr-Mo steel fatigued as a homogeneous structure. Finally, the efficiency of the bond between the two components should have some effect. Some of these factors are currently under investigation. This document has been approved for public release and sale; its distribution is unlimited. 
IS AMTMACT
Fatigue-crack propagation in high-and dual-hardness armor steels has been studied at various fatiguing stresses and testing temperatures using a fracture mechanics analysis of the data. The armor steels tested were: 1. a high-hardness XAR-30 steel; 2. an ausformed cross-rolled Hll and X27 steel composite; and 3. a dual-hardness composite of Ni-Cr-Mo steeli with 0.34 and 0.51 carbon. Crack-growth rates increased directly with increasing fatiguing stress level and decreasing testing temperatures. The fatiguecrack growth rate d2a/dN versus the change in stress intensity factor iK followed an empirical relationship d2a/dN « C AK" for the high-hardness and thin-section dual-hardness Ni-Cr-Mo composite steels. The crack-growth rate exponent m was 5.0 in the XAR-30 and 2.3 in the Ni-Cr-Mo steel. Crack-growth rates were generally higher in both the XAR-30 and Ni-Cr-Mo dual-hardness steels than in 4340 steel at the same strength level. The fracture mode for these steels was predominantly plane strain. The low fracture toughness component of the composite steel failed first and thereby caused rapid fatigue-crack growth acceleration and fast fracture in the remaining component. 
